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A B S T R A C T   
This work provides a comprehensive report on the chemical composition of 47 major and trace elements in 
Tillandsia recurvata (L.) L. and top soil samples from the cities of Cienfuegos and Santa Clara in Cuba. The main 
aims were to provide new information on the urban pollution degree in Caribbean urban regions where the 
availability of data of urban health indicators are very limited and to identify the main pollution sources. 
The abundance of the analyzed elements at both type of samples were different at each urban regions sug-
gesting the influence of various sources. Top soils were slightly contaminated with Zn, V, Ba, Pb, Ni, Cr, Cu, Co 
and Hg and seriously contaminated with Ni and Cr in Santa Clara. These and other elements such as Se, S, P, Cd, 
Mo and Ca where highly enriched in T. recurvata indicating a significant impact of anthropogenic sources in the 
air quality of both urban areas. Cluster analysis helped us associate most of the elements with an anthropogenic 
origin with three main pollution sources: road traffic, industrial emissions and oil combustion. The spatial 
variability was particularly useful to identify some of these sources including the emissions from diesel and fuel 
oil combustion in power stations, biomass burning and metallurgic industries. The results also showed that V and 
Ni were strongly associated to the oil combustion and that V/Ni ratio indices in both indicators can be used to 
trace this type of sources. 
The results presented in this study confirmed the conclusion that both T. recurvata and top soils can be used as 
feasible indicators of the health of Caribbean urban ecosystems and the distribution of the main pollution sources 
that are affecting them.   
1. Introduction 
Urban ecosystems are extraordinarily vulnerable to anthropogenic 
activities. The accelerated increase in the atmospheric concentrations of 
various pollutants in urban areas is affecting the health of their eco-
systems and the well-being of their inhabitants (Markert et al., 2011; 
McDonald et al., 2018; Pope and Dockery, 2006). Therefore, the estab-
lishment and implementation of indicators of changes resulting from 
environmental pollution in urban areas has become a very effective tool 
that can support managers in decisions related to public health policy 
and environmental protection (Piazzetta et al., 2019). 
Some of the most commonly used indicators in urban environments 
are biomonitors, top soils, street and road dust, atmospheric deposition 
and atmospheric particulate matter (Abbasi et al., 2018; Bermudez et al., 
2009; Fernandez-Olmo et al., 2014; Modabberi et al., 2018; Querol 
et al., 2007). The first three indicators are economically feasible, 
applicable to large areas and fast alternatives for the analysis of the 
origin, distribution and effects of urban pollution in comparison with the 
last two, which usually require longer monitoring periods and a greater 
consumption of resources. 
Biomonitoring is a simple and relatively inexpensive tool for spatio- 
temporal surveys of environmental quality because it provides the in-
tegrated effect of all the environmental factors, including air pollution 
and weather conditions (Wannaz and Pignata, 2006). The most popular 
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types of air quality biomonitors are epiphytic plants, such as lichens and 
mosses (Boltersdorf et al., 2014; Boltersdorf and Werner, 2014; Cha-
parro et al., 2013; Izquieta-Rojano et al., 2016). It has been demon-
strated that epiphytic plants reflect total atmospheric deposition, 
concentrations and patterns of trace elements (Boltersdorf et al., 2014; 
Boquete et al., 2015; Malm et al., 1998; Schröder et al., 2013). 
Although lichens are frequently used in temperate regions, Tillandsia 
species are more appropriate to monitor atmospheric pollution in 
tropical areas because they are adapted to hot and dry air conditions 
showing high tolerance to hydric stress (Cortés, 2004; Malm et al., 
1998). The roots of these organisms only act as a means of anchoring to 
the substrate, so their assimilation function is carried out by foliar tri-
chomes that allow the absorption of water, nutrients and dust directly 
from the air and atmospheric deposition (Boltersdorf et al., 2014; 
Montero Alvarez et al., 2017). Therefore, they have a strong indepen-
dence from the soil. This characteristic makes their elemental compo-
sition and physiological responses a reliable indicator of the 
environment where they are living. 
Some species of the genus Tillandsia, such as Tillandsia recurvata (L.) 
L., tend to occur naturally in polluted and urbanized sites (Piazzetta 
et al., 2019). This epiphytic Bromeliaceae is common to grow on 
different types of trees and also on power lines. They have a reduced 
stem and non-functional roots and adult individuals tend to be spherical, 
ca. 10–12 cm in diameter (Zambrano Garcia et al., 2009). Several studies 
have proved that T. recurvata is a highly competitive plant, able to 
survive in urban environments and in areas with multiple active stresses, 
thereby showing its potential to be used as a biomonitor of air pollution 
in urban areas (Castaneda Miranda et al., 2016; Mejía-Echeverry et al., 
2018; Piazzetta et al., 2019). T. recurvata has some physiological resis-
tance to high levels of SO2 which may partially explain their abundance 
in polluted urban environments (Zambrano Garcia et al., 2009; and 
references therein). 
Top soils and street dust have also been employed as indicators of the 
health of urban ecosystems (Bourliva et al., 2017; Hu et al., 2018; 
Modabberi et al., 2018). They have proved to be reservoirs of harmful 
substances, in particular potentially toxic elements emitted by 
Fig. 1. Sampling sites and potential pollution sources in the areas of study. Decentralized Power Stations (DPS).  
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industries, hospitals, solid waste deposits, wastewaters, construction 
activities, painting, road traffic and pavement alteration, among other 
urban sources. As a consequence, resuspension of top soils and road dust 
is one of the major sources of airborne particles in urban environments, 
including the finest particles that have been proved to cause adverse 
health and environmental effects (e.g. Bourliva et al., 2017; Ferreira- 
Baptista and De Miguel, 2005). 
Many governments worldwide have invested considerable resources 
and efforts to monitor the health of urban ecosystems employing these 
and others indicators in order to design and implement policies devoted 
to reducing the impact of urban pollution. Unfortunately, the avail-
ability of data of indicators in Caribbean urban areas is very limited and 
dispersed geographically. 
This study presents a comprehensive report on the chemical 
composition of 47 major and trace elements analyzed in T. recurvata and 
urban top soil samples at two different cities in Cuba, providing new 
information on their urban pollution degree. The main goals were to 
assess the urban pollution employing two different indicators (epiphytic 
plants and top soil) and identify the main pollution sources based on 
specific atmospheric tracers. 
2. Methods 
2.1. Monitoring areas 
Samples were collected in two cities located in the central part of 
Cuba (Fig. 1). Cienfuegos is a coastal city with a population of ~ 
160,000 inhabitants and an important tourist and industrial activity. A 
significant number of potential contamination sources are present 
within and around this urbanized area (Morera-Gómez et al., 2020). 
These include a large oil refinery, a fertilizer plant, a thermal power 
plant fed mainly with S-rich Cuban crude oil (Turtós Carbonell et al., 
2007), a cement plant mainly fueled with petroleum-coke and an asphalt 
plant. In addition, there is a remarkable shipping activity, with a harbor 
containing large pier and shipbreaking yards, coal storage and packing, 
scrap storage and classification sites, very intense transportation activ-
ities including ferrous scrap trucks and busy ports used for 
transportation. 
Santa Clara, on the other hand, is an inland city with a population of 
~ 240,000 inhabitants located 60 km NE from Cienfuegos. The main 
pollution sources in this region are the Fuel Commercializing Company 
of Villa Clara, a household utensils factory, metallurgical and metal- 
mechanic industries including iron and steel smelters and a cycle fac-
tory, a tire recovery factory, a soft drink factory, food processing plants, 
industry of dietary products, among others (Alejo et al., 2011, 2010). 
Apart from these specific industrial sectors, there are other important 
sources of pollution common to both regions: an outdated vehicle fleet, 
mostly diesel and with very old cars in a bad state of maintenance; 
several Decentralized Power Stations (DPS), which often operate with 
diesel or fuel oil (Herrera et al., 2013); suburban waste dumps, where at 
certain times of the year spontaneous or incidental incineration occurs; 
steam boilers in schools, university and hospitals mostly using diesel or 
fuel oil; incinerators mainly located in hospitals and coffee roasting 
plants. Several villages and agricultural areas and some resorts are also 
located in these areas. The main pollution sources among those 
mentioned above are represented in Fig. 1. 
Both regions have a tropical climate typical of the Caribbean, char-
acterized by two distinct seasons: dry (approximately from May to 
October) and wet (November to April). The average annual rainfall is ~ 
1360 mm in Cienfuegos and ~ 1070 mm in Santa Clara, mostly pro-
duced during the wet period (~80%) (Alejo et al., 2011; Morera-Gómez 
et al., 2020). The yearly prevalent wind directions in these areas are ENE 
and E (Fig. 1), respectively. 
2.2. Samples collection and preparation 
Passive biomonitoring, based on collection of existing plants was 
used in the study. In this regard, T. recurvata was the only species found 
in both urban environments, confirming its ability to survive in areas 
with multiple active stresses. Samples of T. recurvata were collected in 5 
and 4 sites of Santa Clara and Cienfuegos, respectively (Fig. 1). Four 
sampling campaigns were carried out between 2015 and 2016 taking 
samples in both dry and wet seasons: in Santa Clara, samples were 
collected in November 2015 and March, June and September 2016; 
while in Cienfuegos sampling campaigns took place in June and 
December 2015, and June and September 2016. The monitoring sites at 
both cities were located in roads or highways with high level of vehic-
ular traffic (sites 1 and 3 in Cienfuegos and 2, 3 and 4 in Santa Clara) and 
in parks surrounded by busy roads (sites 2 and 4 in Cienfuegos and 1 and 
5 in Santa Clara). At each sampling site, composite samples, made up of 
3 to 6 plants from the same or nearby trees were collected guaranteeing 
enough plant mass (>150 g) prior to the analysis. Samples were taken at 
a height of 2 m or higher in order to minimize resuspension of soils and 
particles from roads. Additionally, three composite samples of 
T. recurvata were collected in the Botanic Garden of Cienfuegos (site 5 in 
Fig. 1) in September 2016 for comparison with the studied sites. Top 
soils samples (0–5 cm of roadside or parks soils) were collected in the 
same sampling places at the same time except for the control sample. All 
samples were stored and labeled in self-sealed polyethylene bags and 
immediately taken to the laboratory for preparation. 
Unwashed samples of T. recurvata and top soils were oven-dried at 
45̊C to constant weight, grounded and passed through a 250 µm sieve. 
The fraction < 250 µm was stored in polyethylene bags until further 
analysis. 
2.3. Chemical analyses 
Concentrations of 46 major and trace elements (B, Be, Na, Mg, Al, P, 
S, K, Ca, V, Ti, Cr, Mn, Fe, Co, Ni, Cu, Zn, As, Se, Rb, Sr, Cd, Sn, Sb, Cs, Ba, 
La, Ce, Pr, Nd, Sm, Eu, Gd, Dy, Ho, Er, Tm, Yb, Lu, Tl, Pb, Th, U, Mo and 
W) were determined using inductively coupled plasma mass spectrom-
etry (ICP-MS, Agilent 7500a) according to the methodology described in 
González-Miqueo et al. (2010). Briefly, 0.25 g (dry weight) of epiphytic 
plant and top soils samples were digested in a closed microwave 
digestion system (CEM Co., Mars X press) using 9 mL of concentrated 
nitric acid and 12 mL aqua regia, respectively. A multi-element solution 
(Li, Sc, Y, In, Bi) was added to each sample and used as internal stan-
dards for further analysis by ICP-MS. Mercury concentrations were 
determined by atomic absorption spectrometry using a Mercury 
Analyzer (MA-2000 Series, Nippon) on 50 mg of sample. Soil samples 
from the 4th sampling campaign were not measured by ICP-MS due to 
technical issues. 
For the quality control of the analytical procedure, two plant mate-
rials were used in order to ensure the quality of T. recurvata analyses. A 
pine needle sample from the 15th ICP Forests ring test (Sample 1-Pine 
needles) and the interlaboratory reference material M2-Pleurozium 
Schreberi (Steinnes et al., 1997). For top soils, the certified reference 
materials Soil 0217-CM-73007 and 0217-CM-7003 (Silty Clay Loam) 
were used. In both cases, these QC samples were measured every ten 
samples. In addition, one blank (only reagents) and one duplicated 
sample were also measured every ten samples. Elemental recovery from 
reference materials were in the range 76–101% with a relative standard 
deviation (RSD) below 7% for epiphytic plants and between 74 and 
115% with RSD < 9% for top soils. Here, the heavier lanthanoids (Dy to 
Lu) showed lower recoveries in the range 47–63% (RSD < 6%). The RSD 
from duplicated samples were generally below 10% for all the elements 
analyzed in both type of samples. All measured concentrations were 
above the detection limit evaluated as 3 times the standard deviation in 
procedural blank samples. 
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2.4. Enrichment factors 
Enrichment factors (EFs) were calculated in order to evaluate the 
degree of anthropogenic influence on the element concentrations in 
T. recurvata tissue. EF were calculated as follows: 
EFX = (CX/CAl)T.recurvata/(CX/CAl)UCC  
where (CX/CAl)T.recurvata represents the concentration ratio of an ele-
ments of interest (X) with respect to aluminum (Al) in the plants tissue 
and (CX/CAl)UCC is the average concentration ratio of X to Al in the upper 
continental crust (UCC) (Rudnick and Gao, 2014). For their evaluation, 
EF < 2 means deficiency to minimal enrichment (concentrations are 
predominantly due to crustal sources), 2 < EF < 10 indicates a moderate 
enrichment (influence of both crustal and non-crustal sources) and EF ≥
10 a high enrichment (non–crustal sources) (Dehghani et al., 2017; 
Pellegrini et al., 2014). The composition of soil samples wasńt used for 
normalization because the results showed that many elements in the 
urban soils analyzed here presented higher concentrations than in the 
UCC and Cuban background soils (Alfaro et al., 2018, 2015), indicating 
a significant degree of pollution (see Section 3.1) 
2.5. Statistical analysis 
Data processing was initially based on descriptive statistics (average, 
min–max range and standard deviation). The non-parametric Mann- 
Whitney U test was used to evaluate the seasonality (dry and wet pe-
riods) of the element concentrations at each city and the non-parametric 
Kruskal-Wallis test, followed by multiple comparisons post hoc, was 
performed to compare the content of elements between both studied 
cities and the control site in Cienfuegos, and also to evaluate the spatial 
variability at each city. 
In order to discriminate the groups of chemical elements as tracers of 
distinct sources, an explorative hierarchical cluster analysis (HCA), 
using the Ward’s method as linkage function and Pearson correlation as 
the metric distance, was performed. Before HCA, the variables were 
standardized by means of z-scores normalization (with a mean of 0 and a 
standard deviation of 1). Some pollutants were excluded from this 
analysis taking into account the following assumptions: average EF < 2 
or no significant correlation with any other pollutant, because they 
tended to form factors with single pollutants (Zambrano Garcia et al., 
2009). In the case of soils samples only pollutant with concentration 
ratios to UCC or Cuban background soils > 1 or with a significant 
Table 1 
Summary of the chemical composition (dry weight) of top soils samples.    
Cienfuegos Santa Clara TVb IVb  
Unit mean min max SD RUCCa RCBSa mean min max SD RUCC RCBS   
Ca %  6.81  3.89  9.02  1.90  2.7  3.3  3.61  1.66  8.19  2.10  1.4  1.7   
Al %  3.51  2.57  4.40  0.61  0.4  0.5  4.16  2.90  6.01  1.03  0.5  0.5   
Fe %  3.01  2.35  3.66  0.48  0.8  0.5  5.35  3.95  9.10  1.42  1.4  0.8   
Mg %  0.59  0.41  0.93  0.18  0.4  0.6  2.39  1.17  5.28  1.06  1.6  2.4   
K %  0.34  0.25  0.45  0.06  0.1  0.7  0.27  0.14  0.46  0.10  0.1  0.5   
S %  0.16  0.12  0.19  0.03  2.5  19.8  0.14  0.09  0.23  0.03  2.3  17.8   
Ti %  0.14  0.01  0.19  0.06  0.4  0.3  0.22  0.13  0.38  0.08  0.6  0.5   
P %  0.12  0.05  0.21  0.06  1.9  1.6  0.09  0.04  0.28  0.07  1.4  1.2   
Mn %  0.08  0.04  0.12  0.02  1.0  0.4  0.12  0.09  0.18  0.03  1.5  0.6   
Na %  0.03  0.02  0.05  0.01  0.01  0.1  0.05  0.04  0.07  0.01  0.02  0.2   
Zn µg g− 1  160.3  62.85  272.7  76.62  2.4  1.8  109.7  46.51  292.9  64.02  1.6  1.2 140 720 
Sr µg g− 1  135.8  94.64  182.4  30.48  0.4   107.4  58.28  198.9  39.87  0.3    
Ba µg g− 1  132.0  77.71  181.0  36.12  0.2  1.0  198.1  49.18  460.1  121.9  0.3  1.5 160 625 
V µg g− 1  120.4  80.77  161.8  23.74  1.2  0.9  121.3  72.50  168.3  34.79  1.3  1.0 42 250 
Pb µg g− 1  119.9  21.69  339.9  108.6  7.1  3.5  67.89  10.70  316.1  84.40  4.0  2.0 85 530 
Cr µg g− 1  88.28  53.05  128.9  29.25  1.0  0.2  609.7  131.4  1834.2  566.1  6.6  1.3 100 380 
Ni µg g− 1  55.00  29.61  94.66  23.69  1.2  0.2  534.4  93.20  1488.5  461.9  11.4  1.8 35 210 
Cu µg g− 1  53.60  25.77  82.26  21.20  1.9  0.6  92.18  21.56  375.9  109.5  3.3  1.1 36 190 
Rb µg g− 1  47.85  39.32  58.09  6.69  0.6   36.26  20.64  58.76  12.12  0.4    
Ce µg g− 1  22.20  19.48  24.39  1.41  0.4  0.9  15.34  9.61  21.13  3.54  0.2  0.6   
Sn µg g− 1  13.75  1.94  30.13  10.66  6.5   6.60  0.99  56.65  14.05  3.1   900 
Co µg g− 1  11.20  8.57  14.28  2.12  0.6  0.4  54.58  22.94  145.1  37.34  3.2  1.7 9 240 
La µg g− 1  11.17  10.09  12.13  0.75  0.4  0.7  6.69  4.35  9.73  1.95  0.2  0.4   
Nd µg g− 1  11.10  10.04  12.13  0.66  0.4  0.6  8.34  5.86  10.77  1.26  0.3  0.5   
As µg g− 1  5.49  4.34  7.34  0.97  1.1  0.5  2.12  0.68  4.66  1.22  0.4  0.2 29 55 
Pr µg g− 1  2.81  2.59  3.11  0.16  0.4  0.6  1.97  1.40  2.64  0.35  0.3  0.4   
Sm µg g− 1  2.37  2.05  2.63  0.19  0.5  0.5  2.05  1.36  2.64  0.34  0.4  0.5   
Gd µg g− 1  2.23  1.93  2.46  0.19  0.6  14.9  2.19  1.35  3.06  0.48  0.5  14.6   
Sb µg g− 1  2.12  0.49  5.74  1.46  5.3  0.3  1.32  0.58  3.48  0.80  3.3  0.2 3 15 
Dy µg g− 1  1.90  1.67  2.17  0.17  0.5  1.4  2.11  1.26  3.16  0.58  0.5  1.6   
Th µg g− 1  1.52  1.35  1.79  0.14  0.1   0.94  0.44  2.14  0.49  0.1    
Mo µg g− 1  1.41  0.25  2.33  0.82  1.3  2.8  0.80  0.34  1.30  0.29  0.7  1.6 3 200 
Er µg g− 1  1.11  0.98  1.27  0.10  0.5  0.5  1.27  0.73  1.89  0.36  0.6  0.5   
Yb µg g− 1  1.04  0.93  1.20  0.09  0.5  0.6  1.18  0.70  1.69  0.30  0.6  0.6   
U µg g− 1  0.84  0.65  1.32  0.18  0.3   0.37  0.20  0.60  0.13  0.1    
Cs µg g− 1  0.80  0.60  1.12  0.18  0.2   0.57  0.15  1.12  0.33  0.1    
Eu µg g− 1  0.68  0.61  0.77  0.05  0.7  22.8  0.64  0.38  0.93  0.15  0.6  21.2   
Cd µg g− 1  0.63  0.21  1.00  0.25  7.0  0.5  0.47  0.22  1.51  0.35  5.2  0.4 0.8 12 
Hg µg g− 1  0.48  0.04  1.85  0.68  9.5  4.8  0.13  0.04  0.51  0.12  2.5  1.3 0.3 10 
Be µg g− 1  0.40  0.35  0.46  0.04  0.2   0.36  0.24  0.60  0.11  0.2  1.1 30 
Ho µg g− 1  0.39  0.34  0.44  0.03  0.5  0.7  0.43  0.26  0.65  0.12  0.5  0.8   
Tm µg g− 1  0.17  0.15  0.19  0.01  0.6  8.5  0.19  0.11  0.28  0.05  0.6  9.5   
Tl µg g− 1  0.17  0.13  0.28  0.04  0.2   0.12  0.06  0.17  0.04  0.1  1.0 15 
Lu µg g− 1  0.16  0.14  0.18  0.01  0.5  0.2  0.18  0.10  0.24  0.04  0.6  0.2    
a RUCC and RCBS: concentration ratio to UCC (Rudnick and Gao, 2014) and Cuban soils background values (CBS; Alfaro et al., 2018, 2015), respectively. 
b TV and IV: Target value and Intervention value according to Swartjes (1999), respectively. 
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contamination degree according to Swartjes, (1999) were included. 
Spearman’s correlation was also performed to support the above sta-
tistical analysis. 
Plots and statistical analyses were carried out using the software 
Origin (version 9.0, Origin Lab Corporation, Northampton, MA, USA) 
and IBM SPSS (version 25, IBM Corp., New York, USA). 
3. Results and discussion 
3.1. Top soils 
3.1.1. Chemical composition of top soil samples 
Table 1 summarizes the concentration (dry weight) of major and 
trace elements determined in top soils in both cities. The concentration 
ratios with respect to UCC (Rudnick and Gao, 2014) and Cuban back-
ground soils values (Alfaro et al., 2018, 2015) are also included for 
comparison purpose. Major elements were ordered according to the 
following abundance: Ca > Al > Fe > Mg > K > S > Ti > P > Mn > Na in 
Cienfuegos and Fe > Al > Ca > Mg > K > Ti > S > Mn > P > Na in Santa 
Clara. Calcium was the most abundant element in Cienfuegos, being 
considerably higher than in Santa Clara, where Fe and Al presented 
higher abundances. Concentration of Mg in Santa Clara and Ca, S and P 
in both cities, were higher than in UCC and Cuban background soils (e.g. 
concentration ratio > 1, Table 1). The elements Fe and Mn also showed 
concentrations higher in Santa Clara than in UCC but lower than in 
Cuban soils. The rest of major elements showed similar or lower average 
concentration than UCC and Cuban soils. The higher abundance of Ca 
observed in Cienfuegos (6.81 ± 1.90%) can be explained because this 
city is located in a karst area and the influence of the limestone dust is 
exacerbated by the cement production during all the year in an area 
where the predominant winds facilitate the arrival of this kind of ma-
terial to the urban region (see Fig. 1). The higher values of S concen-
trations in our urban areas (0.16 ± 0.03% in Cienfuegos and 0.14 ±
0.03% in Santa Clara), on the other hand, could be related to the com-
bustion of heavy oils, often employed in Cuba (Núñez Caraballo et al., 
2019; Turtós Carbonell et al., 2007). 
The abundance of trace elements were very different at both urban 
regions: in Cienfuegos it was dominated by elements in the sequence Zn 
> Sr > Ba > V > Pb > Cr > Ni > Cu, whereas in Santa Clara the dominant 
abundance was Cr > Ni > V > Ba > Zn > Sr > Cu > Pb. Anthropogenic 
tracers such as Zn, Pb and Hg presented average concentrations higher 
than both, UCC and Cuban soils (concentration ratio > 1, Table 1) at 
both cities, suggesting an important degree of pollution. Concentrations 
of Cu, Sb, Sn and Cd in the soil samples were also higher than in UCC at 
both cities, but similar or lower than those found in Cuban soils. Con-
centrations of most of these elements were generally higher in Cien-
fuegos. However, significantly higher concentrations of Cr (610 ± 566 
µg g− 1), Ni (534 ± 431 µg g− 1) and Co (54.58 ± 37.34 µg g− 1) were 
observed in Santa Clara. No seasonality for any of the determined ele-
ments was found in both regions. 
Díaz Rizo et al. (2013) reported concentrations of Ni, Cu, Zn and Pb 
in urban soils from Cienfuegos consistent with our results and found a 
high degree of contamination for the last three elements. These authors 
also reported concentrations of Co, Ni, Cu, Zn, Pb and Fe in urban soils 
from industrial areas, parks and school grounds in La Habana (Diaz Rizo 
et al., 2011a) within the range of variation observed in most of the el-
ements analyzed in this study. Our results were also comparable with the 
concentrations of Co, Ni, Cu, Cr, Pb and Fe in urban agricultural soils 
collected around a steel-smelter plant in La Habana, but significantly 
lower concentrations were found for Zn (Díaz Rizo et al., 2015). In 
general, concentrations of Cr, Co and Ni in Santa Clara were significantly 
higher than those observed in previous studies conducted in Cuba. 
Nevertheless, Díaz Rizo et al. (2011b) reported similar levels of Cr and 
Ni in soils from the city of Moa (Holguín province), located near the 
biggest Ni mines of Cuba. 
3.1.2. Top soils contamination degree 
As mentioned above, top soils correspond to the uppermost layers of 
urban soils (0–5 cm) collected in areas of parks very crowded by people 
and tourists as well as on roadsides roads, where this material can be 
resuspended easily. Therefore, the importance for human health and the 
environment becomes more relevant. Due to the lack of official Cuban 
guidelines for suitable concentrations of heavy metals in soils, we 
compared our results with the soil quality standards set by the Dutch 
Authorities (Swartjes, 1999), that establish a Target value (TV) and an 
Intervention value (IV) and allow soils to be classified as clean, slightly 
contaminated and seriously contaminated (See Table 1). According to 
these standards, soils from Cienfuegos can be classified as slightly 
contaminated with Zn, V, Pb, Ni, Cu, Co and Hg; while those form Santa 
Clara can be classified as slightly contaminated with Ba, V, Cu and Co and 
seriously contaminated with Ni and Cr. 
3.1.3. Cluster analysis 
Urban soils, specifically roadside and park soils, are generally formed 
by landfills with very different geological origins, which cause great 
heterogeneity in this type of samples. However, top soils are particularly 
affected by contributions from all kinds of urban activities and the at-
mospheric deposition and can help understand where the emissions of 
many pollutants are originated (Bourliva et al., 2017; Modabberi et al., 
2018). 
The Cluster analysis performed with the data obtained from the top 
soils samples in Cienfuegos allowed to identify three main groups of 
elements (Fig. 2a). Cluster I and II are respectively formed by S-Ca and 
V-Ni, elements that can be associated to the cement plant, the 
Fig. 2. Hierarchical cluster analysis on chemical elements in top soil samples 
from Cienfuegos (a) and Santa Clara (b). 
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surrounding limestone quarries and the combustion of heavy oil and 
petroleum coke in the cement kiln (Moreno et al., 2010; Turtós Car-
bonell et al., 2007). Cluster III includes elements as Cu, Zn, Pb, Mo, Sb, 
Sn and Hg often associated to the road traffic and industrial emissions 
(Adamiec et al., 2016; Alves et al., 2018; Christoforidis and Stamatis, 
2009; Taiwo et al., 2014). 
In Santa Clara, three main groups of elements were also distin-
guished (Fig. 2b). Cluster I grouped Ca, Mg, Cr, Co and Ni. Most of these 
elements were significantly correlated between them (Cr, Ni and Co; r >
0.9, p < 0.01; Table S4) and presented a high degree of contamination, 
suggesting a clear anthropogenic origin. The last elements are consid-
ered tracers of anthropogenic sources such as metallurgical industries 
(Moreno et al., 2010; Pandolfi et al., 2011). In Cluster II are associated V 
and S, typical tracers of heavy oil and petroleum coke combustion 
(Moreno et al., 2010), while in Cluster III we observed elements related 
to the road traffic and industrial emissions (Cu, Pb, Sb, Sn, Zn, Hg, Mo 
and Ba) as in Cienfuegos. 
3.2. Tillandsia recurvata 
3.2.1. Chemical composition of T. recurvata tissues 
Table 2 summarizes the concentration of major and trace elements in 
T. recurvata in the cities studied and in the control site. The sequence of 
abundance for major elements was slightly different in the three sites: 
Ca > Fe > K > Al > S > Mg > Na > P > Ti in Cienfuegos, Ca > K > Mg >
Fe > Al > S > Na > P > Ti in Santa Clara and Ca > K > Al > Fe > S > Mg 
> Na > P > Ti in the control site. Calcium was the most abundant 
element at the tree sites and the highest average values observed in 
Cienfuegos (1.75 ± 0.66%), doubling the value at the control site (0.84 
± 0.16%), could be indicating the high exposure to limestone dust and 
the cement industry relating emissions as it has been noticed in recent 
studies in this urban region (Morera-Gómez et al., 2019, 2018). Average 
concentrations of all major elements at both cities were higher or similar 
than the values reported for the control site. All the studied elements 
except Mg showed the highest values in Cienfuegos. 
The abundance of trace elements were significantly distinct at the 
three sites and the elements were ordered according to the following 
sequence: Zn ~ Mn > Ba > Pb ~ Sr > V > Cu > Cr in Cienfuegos, Mn >
Zn > Ni > Cr > Sr > Pb ~ Ba ~ Cu in Santa Clara and Sr > Mn > Zn > Cu 
~ Ba > B > Rb > V in the control site. The average concentration of most 
trace elements was higher in the urban regions than in the control site 
and, similar to the major elements, highest values were generally 
observed in Cienfuegos. Only Cr (31.59 ± 23.43 µg g− 1), Ni (38.85 ±
29.89 µg g− 1) and Co (2.93 ± 2.35 µg g− 1) presented higher averages in 
Santa Clara, in line with what was observed in the soil samples. These 
high values might be the result of the metallurgical factories located in 
Table 2 
Summary of the chemical composition (dry weight) of Tillandsia recurvata (L.) L. tissues.    
Cienfuegos   Santa Clara   Control   KWA*  
Unit mean min max SD mean min max SD mean min max SD Sig. 
Ca % 1.75a**  0.82  3.45  0.66 1.14b  0.72  2.10  0.36 0.84b  0.66  0.95  0.16  0.002 
Fe % 0.48a  0.29  1.03  0.19 0.34  0.13  1.01  0.20 0.19b  0.16  0.21  0.02  0.008 
K % 0.41  0.24  0.78  0.13 0.47  0.24  0.78  0.17 0.47  0.40  0.52  0.06  
Al % 0.39a  0.26  0.75  0.12 0.23b  0.11  0.46  0.10 0.31b  0.16  0.45  0.14  0.001 
S % 0.27  0.15  0.42  0.07 0.22  0.15  0.34  0.05 0.19  0.13  0.23  0.05  0.046 
Mg % 0.24a  0.13  0.35  0.06 0.37b  0.21  0.80  0.14 0.19a  0.15  0.23  0.04  0.001 
Na % 0.19  0.10  0.95  0.21 0.15  0.09  0.32  0.05 0.15  0.11  0.19  0.06  
P % 0.08  0.04  0.12  0.02 0.09  0.04  0.14  0.02 0.08  0.07  0.09  0.01  
Ti % 0.02a  0.01  0.03  0.01 0.01b  0.00  0.02  0.00 0.01b  0.01  0.01  0.00  0.000 
Zn µg g− 1 101.0a  47.34  174.5  41.84 51.20b  24.01  110.4  22.51 22.17b  16.85  26.24  4.82  0.000 
Mn µg g− 1 100.3a  52.29  168.5  30.80 77.95  44.70  175.2  33.93 50.49b  37.68  61.88  12.16  0.008 
Ba µg g− 1 44.44a  19.93  87.12  20.77 19.75b  6.90  43.74  9.08 18.59  15.36  22.82  3.83  0.000 
Pb µg g− 1 34.97a  13.87  73.68  14.57 19.92b  4.57  54.85  13.53 3.60b  1.87  5.21  1.67  0.001 
Sr µg g− 1 34.66a  18.57  54.46  13.77 22.03b  10.19  37.32  7.15 62.31a  30.30  85.69  28.69  0.002 
V µg g− 1 30.39a  17.72  50.49  9.81 12.13b  5.16  33.74  7.57 7.55b  6.81  7.98  0.64  0.000 
Cu µg g− 1 24.75  13.96  43.18  10.18 19.13  6.51  40.33  10.92 19.07  11.37  24.81  6.93  
Cr µg g− 1 15.66  10.25  29.15  5.06 31.59b  9.99  104.1  23.43 6.17a  5.44  6.56  0.63  0.002 
Ni µg g− 1 12.43a  8.52  19.86  3.79 38.85b  11.19  125.9  29.89 4.34a  4.17  4.44  0.15  0.000 
B µg g− 1 10.28  8.17  13.01  1.80 15.39  6.52  29.37  7.33 15.62  12.09  17.69  3.08  
Rb µg g− 1 5.62a  2.06  16.55  4.21 6.66  2.59  15.02  3.22 12.68b  11.18  15.62  2.55  0.016 
Ce µg g− 1 3.44a  1.83  5.53  1.23 1.29b  0.46  2.81  0.65 0.98b  0.77  1.11  0.18  0.000 
Co µg g− 1 1.72  0.92  3.03  0.57 2.93a  1.02  10.36  2.35 0.75b  0.69  0.78  0.06  0.009 
La µg g− 1 1.68a  0.98  2.85  0.58 0.68b  0.27  1.48  0.33 0.51b  0.41  0.58  0.09  0.000 
Nd µg g− 1 1.28a  0.68  2.65  0.50 0.53b  0.21  1.30  0.27 0.48b  0.38  0.53  0.08  0.000 
As µg g− 1 1.18a  0.65  3.24  0.67 0.39b  0.15  0.99  0.19 0.66  0.30  1.02  0.36  0.000 
Sn µg g− 1 0.97a  0.10  2.83  0.73 0.50  0.08  1.37  0.33 0.04b  0.02  0.06  0.03  0.006 
Mo µg g− 1 0.91a  0.59  1.51  0.25 0.47b  0.25  0.88  0.15 0.41b  0.26  0.52  0.13  0.000 
Pr µg g− 1 0.35a  0.19  0.67  0.13 0.14b  0.06  0.34  0.07 0.13b  0.10  0.14  0.02  0.000 
Sm µg g− 1 0.27a  0.14  0.55  0.11 0.11b  0.04  0.28  0.06 0.11  0.08  0.12  0.02  0.000 
Gd µg g− 1 0.26a  0.14  0.53  0.10 0.11b  0.04  0.29  0.06 0.10b  0.08  0.11  0.02  0.000 
Se µg g− 1 0.26  0.16  0.48  0.09 0.22  0.11  0.41  0.09 0.19  0.13  0.25  0.06  
Cd µg g− 1 0.24a  0.11  0.41  0.08 0.19  0.06  0.49  0.10 0.07b  0.05  0.08  0.02  0.005 
Sb µg g− 1 0.24a  0.15  0.38  0.07 0.19  0.11  0.35  0.06 0.07b  0.05  0.08  0.01  0.003 
Dy µg g− 1 0.22a  0.11  0.45  0.09 0.10b  0.04  0.26  0.05 0.08b  0.06  0.09  0.01  0.000 
Hg µg g− 1 0.19a  0.08  0.37  0.08 0.10b  0.03  0.18  0.05 0.11  0.11  0.13  0.01  0.002 
Er µg g− 1 0.12a  0.06  0.26  0.05 0.06b  0.03  0.16  0.03 0.04b  0.04  0.05  0.01  0.000 
Yb µg g− 1 0.11a  0.06  0.24  0.05 0.06b  0.02  0.15  0.03 0.04b  0.03  0.04  0.00  0.000 
Cs µg g− 1 0.10a  0.07  0.17  0.03 0.07b  0.03  0.13  0.03 0.19a  0.12  0.22  0.05  0.002 
W µg g− 1 0.09a  0.03  0.24  0.07 0.10a  0.02  0.32  0.09 0.03b  0.02  0.03  0.00  0.028 
Eu µg g− 1 0.08a  0.04  0.15  0.03 0.03b  0.01  0.09  0.02 0.03  0.02  0.03  0.00  0.000 
Tl µg g− 1 0.05a  0.02  0.18  0.04 0.03b  0.01  0.06  0.01 0.04  0.03  0.05  0.01  0.015 
Tm µg g− 1 0.02a  0.01  0.04  0.01 0.01b  0.00  0.04  0.01 0.01  0.01  0.01  0.00  0.013 
* Kruskal-Wallis ANOVA. Only Sig < 0.05, that means significant differences between sites, are displayed. 
**Different letters means significant differences at the 0.05 level. 
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the northwestern part of the city. As for soil samples, no seasonal 
behavior was observed for most of elements in T. recurvata at both cities. 
Only Hg contents in Cienfuegos showed higher values during the dry 
period. Morera-Gómez et al. (2019) also failed to find seasonality for all 
these elements in atmospheric bulk depositions in Cienfuegos, suggest-
ing that their concentrations were mostly affected by fluctuations in the 
emissions rates rather than by the weather conditions. 
There are no previous reports on chemical composition of 
T. recurvata in Cuba, and as far as the authors know, neither in other 
Caribbean islands. Nevertheless, Montero Alvarez et al. (2006) and 
Estévez Alvarez et al. (2011) reported similar concentrations of V, Co, 
Ni, Cu, Zn, Sr, Cd and Pb in lichen samples in La Habana. That study also 
found lower concentrations of Na, Mg, Al, Ca, Cr and Mn than those 
observed in T. recurvata in the present study. Similarly, concentration 
values observed in the sites studied here are in the range reported in 
T. recurvata in the Mezquital Valley in Mexico (Zambrano Garcia et al., 
2009), a region characterized by an intensive agriculture and numerous 
industrial facilities, including several cement plants. In general, con-
centrations reported here are within the range found for T. recurvata in 
urban areas in Central and South America (Castaneda Miranda et al., 
2016; Cortés, 2004; Mejía-Echeverry et al., 2018; Piazzetta et al., 2019; 
Sanchez-Chardi, 2016). 
3.2.2. Enrichment factors 
The EFs for each element at each monitored city is displayed in 
Fig. 3. The elements S, Hg, Se, Cd, Pb, Zn, P, Cu, Mo, Ca, B and Sb were 
highly enriched at both cities (EF > 10). In addition, Ni and Cr were 
highly enriched in Santa Clara, confirming they were mainly originated 
from non-crustal sources. Sn, V, Ni (only in Cienfuegos), As, K, Cr (only 
in Cienfuegos), Mg, Mn, Fe, Sr and Co showed a moderate enrichment in 
both urban regions, whereas the rest of elements presented a minimal 
enrichment. Although most of the moderately and highly enriched ele-
ments showed higher concentrations in Cienfuegos, their enrichment 
factors were lower than those found in Santa Clara. This situation could 
be due to the influence of the resuspended limestone dust associated to 
the cement production activity under the prevailing easterly winds. The 
different degree of enrichments observed in T. recurvata in Cienfuegos is 
in agreement with those reported for atmospheric particulate matter in 
this region, including the urban aerosols and atmospheric bulk deposi-
tion (Morera-Gómez et al., 2020, 2019, 2018). 
3.2.3. Cluster analysis 
The cluster analysis in Cienfuegos allowed the association of the el-
ements in three main groups (Fig. 4a). Cluster I includes Ca, a tracer of 
the activities related to the cement industry and activities in the lime-
stone quarries (Abril et al., 2014; Zambrano Garcia et al., 2009) and S, 
Pb, Sb, Zn, Cd and Mo, elements usually associated to industrial emis-
sions (Taiwo et al., 2014). Cluster II, on the other hand, groups V and Ni, 
which are specific tracers of combustion heavy oils (Moreno et al., 
2010). Finally, Cluster III includes Cu and Sn. Both Cu and Sn are typical 
tracers of tire and brake wear emissions and Sn is also emitted from 
vehicle exhaust (Amato et al., 2016; Grigoratos and Martini, 2015; 
Johansson et al., 2009; Piazzetta et al., 2019). All these elements were 
associated with the same sources in recent studies on atmospheric par-
ticulate matter carried out in Cienfuegos (Morera-Gómez et al., 2019, 
2018), thus confirming the feasibility of this epiphytic plant as a bio-
monitor of air pollution. 
In Santa Clara, elements were divided in three clusters (Fig. 4b). 
Cluster I, constituted by B, Ca, Se, S, Cu, Hg and V, includes elements 
associated to the road traffic (e.g. Cu) and the resuspension of soil and 
road dust or construction activities (e.g. Ca) (Jeong et al., 2019). Along 
with them, other typical tracers that appear in this cluster are V, S and 
Se, elements related to the combustion of heavy oil (Mehdi et al., 2013; 
Moreno et al., 2010). Cluster II separated elements such as Cr, Co and Ni 
(closely correlated and highly enriched with respect to what was 
observed in Cienfuegos), Zn, Pb, Mo, Cd and Sn. Thus, Cr, Co and Ni are 
strongly correlated both in top soils and plant tissue (r > 0.9, p < 0.01; 
Tables S3 and 4), which supports the conclusion that they could be 
related to emissions from the metallurgical industries. Cluster III is 
formed by K, Sb and P. Potassium is highly but negatively correlated 
with most mineral elements (r > 0.6, p < 0.01; Table S3), indicating a 
non-mineral origin. Concentrations of K in air are often associated to 
biomass burning and agricultural sources (Viana et al., 2013; Zambrano 
Garcia et al., 2009). Similarly, P can also originate from the use of fer-
tilizers and combustion sources, such as fires for agriculture purposes 
(Giampaoli et al., 2016). Besides fossil fuel combustion, non-ferrous 
metals derived from refining process and traffic emissions, waste 
incineration and incineration of sewage sludge are the major anthro-
pogenic sources of Sb (Grigoratos and Martini, 2015; Tian et al., 2011). 
Fig. 3. Boxplot for the element enrichment factors in Tillandsia recurvata (L.) L. 
samples collected in the city of Cienfuegos and Santa Clara. Whisker represent 
the min–max range. 
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3.3. Pollution sources 
Several pollutants in top soils and T. recurvata samples, showed a 
significant spatial variability in both cities (Kruskal-Wallis ANOVA at 
0.05 level) regardless of the type of soil in which they develop. More-
over, most of them were significantly enriched (Fig. 3) or showed an 
important degree of contamination (Section 3.1). The spatial variations 
of those elements was roughly consistent in both type of samples in 
Cienfuegos (Fig. 5), suggesting that their presence in top soils and 
T. recurvata was mainly caused by the same sources. Elements typically 
associated to road traffic such as Cu, Zn, Sb and Pb showed the highest 
concentrations in the sampling site 1, located in the main avenue 
entering the city and very close to traffic lights. The highest concen-
trations of S and Ca was also observed in this site for both type of 
samples, while the lowest ones were found in site 4, one of the most 
touristic parks in the city. Mo and Sb presented a variability similar to 
that found for S in T. recurvata, with concentrations decreasing from site 
1 to 4, while the highest values in top soils were detected in sites 1 and 4. 
These results suggest that oil combustion is the most likely source of 
these elements. Although there were no significant differences in the 
case of the epiphytic plants, there was a tendency to observe the highest 
Hg contents in site 4, where soils samples also reached maximum con-
centrations. The origin of Hg in Cienfuegos ambient it is not entirely 
clear (Morera-Gómez et al., 2020, 2018), but the extremely high values 
observed in soil samples from site 4 may indicate a point source pollu-
tion that should be further investigated. Concentrations of K also showed 
a different dynamic in Tillandsia and top soil samples since Tillandsia 
showed high values in site 2 and low in site 4, whereas for soil samples 
the highest values were found in sites 3 and 2 and the lowest in site 1. 
Site 2 is located in a park close to a coffee roaster, which could increase 
the presence of these elements in the air due to the burning of biomass in 
this factory. Similarly, Ni also presented a different dynamic, with 
higher concentrations in roadside soils (site 1 and 3) and lower con-
centrations in soils from parks (site 2 and 4), while no differences were 
observed in plant samples. This dynamic may be associated to the wear 
and tear of very old car parts. 
In Santa Clara (Fig. 6), Cr, Co and Ni presented a very similar spatial 
variation in T. recurvata, with their highest concentrations in site 2, 
which is located just in front of the household utensils factory where 
electroplating processes with Ni and Cr are performed (Fig. 1). More-
over, other metallurgical plants, mainly iron and steel smelters and a 
cycle factory, surround this site, being able to provide these elements. 
Cr, Co and Ni concentrations were also high in site 1, which is located 
near site 2 and very close to the tire recovery facility. High concentra-
tions of these elements were also found in top soils in site 2 but, in 
contrast to Tillandsia, remarkable contents were also observed in site 4, 
located close to a bus stop in the main highway of the city, which could 
be related to the wear and tear of car parts. Concentrations of Ba and Pb 
presented consistent distributions in both type of samples with their 
largest values in sites 2 and 5, except for Pb in T. recurvata that also 
Fig. 4. Hierarchical cluster analysis on chemical elements in Tillandsia recur-
vata (L.) L. samples from Cienfuegos (a) and Santa Clara (b). 
Fig. 5. Interval plot for the concentration of selected elements in Tillandsia recurvata (L.) L. and top soil samples collected in Cienfuegos as function of the sampling 
site. Different letters means significant differences at the 0.05 level (Kruskal-Wallis ANOVA). 
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presented high contents in site 1. A similar spatial distribution was found 
for Cu and Sb in soils, with the highest values in sites 2 and 5. However, 
things were different in Tillandsia as no significant spatial variation was 
found for Cu, and Sb was more consistent with K and P. These last two 
elements presented similar spatial variations for both type of samples. 
Thus, both top soils and T. recurvata showed the highest contents in site 
5, located in a park in the city center downwind of a nearby coffee 
roaster (~600 m) and very close to food processing plants (~300 m) 
located at north, that burns wood as fuel, which could facilitate the 
arrival of emissions related to the biomass burning. This park has usually 
a high density of birds so we should not rule out the effect of their 
droppings on the concentrations of K and P both in T. recurvata and top 
soils. However, other elements that should also be affected by this cause 
such as N (not published data), Ca or Mg did not show so high con-
centrations in this site. Lastly, V distribution was remarkably different to 
the rest of elements, with the highest concentrations in site 3 for 
T. recurvata and in sites 1 and 3 for soils. The site 3 is located very close 
to a small diesel electric generator located at a hospital and close to fuel 
oil and diesel DPS (Fig. 1). The immediate vicinity of this site is char-
acterized by the presence of several hospitals and the school of medi-
cine, which are equipped with steam boilers that use similar fuels. 
3.3.1. The V/Ni ratio variability 
Based on the above results, we specifically examined the relation-
ships between V and Ni in order to gain insight into their main sources. V 
and Ni are the most abundant metals present in crude oil so, much of 
their atmospheric emissions come mainly from oil-fired power plants, 
petrochemical complexes, and to a lesser extent, shipping transport and 
other industries that use residual oils and petroleum cokes (Moreno 
et al., 2010). In Cuba, most of the power plants are fueled with sulfur- 
rich Cuban crude oil (Turtós Carbonell et al., 2007) and all the cities 
have several DPS operating with diesel or fuel oil (Herrera et al., 2013). 
As a result, about 96% of the power generation comes from fossil fuels, 
and 26% of this is produced by DPS (Herrera et al., 2013). In addition, 
cement plants generally employ petroleum coke as fuel. Therefore, the 
combined use of these two elements can be a useful tool to trace the 
emissions from these kinds of sources. 
The relationship between the different concentrations of V and Ni in 
T. recurvata is displayed in Fig. 7a. The V/Ni signature shows very 
different patterns in both urban regions. In Cienfuegos, all sampling sites 
follow a single tendency with a strong positive correlation between these 
two heavy metals (R2 = 0.66, p < 0.001), suggesting the presence of a 
unique major source. The V/Ni ratios in these sites averaged 2.5 ± 0.6 
and showed seasonality with lower values in the wet season (2.3 ± 0.3) 
Fig. 6. Interval plot for the concentration of selected elements in Tillandsia recurvata (L.) L. and top soil samples collected in Santa Clara as function of the sampling 
sites. Different letters means significant differences at the 0.05 level (Kruskal-Wallis ANOVA). 
Fig. 7. Relationship between the concentrations of V and Ni in Tillandsia 
recurvata (L.) L. (a) and top soil samples (b) collected in Cienfuegos and Santa 
Clara. In the case of Cienfuegos, linear fit in both type of samples correspond to 
samples from the 4 urban sampling sites. In the case of Santa Clara, linear fits 
correspond to different patterns associated to different sampling sites. See more 
details in the text. 
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than in the dry (3.0 ± 0.8) season. These average values were lower than 
the 4.4 ± 0.2 observed in emissions from the power plant located in this 
city (Morera-Gómez et al., 2018) and the 7.5 ± 0.2 found in the petro-
leum coke used in the cement plant located ENE to the city (Morera- 
Gómez et al., 2019). However, they were consistent with values around 
3, typically reported for shipping emissions (Pandolfi et al., 2011; Viana 
et al., 2014). Morera-Gómez et al. (2018) also found important V and Ni 
contributions in aerosols from Cienfuegos associated to road traffic 
emissions (V/Ni ratio of 2.1), since cars in Cuba are very old and mainly 
fueled with diesel. Other potential emission sources were the DPS and 
steam boilers; however, the V/Ni signature in diesel and fuel oil, the 
most used fuels in these sources, was not analyzed in this study. 
In Santa Clara, in contrast, three different patterns associated to 
different sampling sites were distinguished. Samples collected at site 3, 
very close to the DPS, showed concentrations of V and Ni strongly 
correlated (R2 = 0.98, p < 0.05), with an average V/Ni of 0.92 ± 0.06. 
Herrera et al. (2013) demonstrated that the site 3 is highly affected by 
emissions coming from the diesel and fuel oil DPS located NE and SE, 
respectively. The values observed in samples from sites 1 and 2, also 
strongly correlated (R2 = 0.84, p < 0.01), showed a high Ni-enrichment 
with the lowest V/Ni ratio (0.15 ± 0.02). These samples were influenced 
by emissions related to metallurgical industries close to both sites 
(Fig. 1). Ultimately, samples from sites 4 and 5 exhibited lower con-
centrations (V/Ni = 0.33 ± 0.02), although significantly correlated as 
well (R2 = 0.65, p < 0.05), with a tendency in-between the observed for 
the previous sites. A result that suggest a mixed influence from both type 
of sources, fossil fuel combustion and metallurgical industries. The 
lower concentrations found in these sites can be also due to the fact they 
are located from the center to the east of the city, where they are more 
likely to receive the contribution from rural areas under the prevailing 
wind direction (Fig. 1). 
Top soil samples from Cienfuegos (Fig. 7b) mostly followed a single 
tendency (R2 = 0.64, p < 0.01) with V/Ni averaging 2.4 ± 0.7, very 
similar to the observed in T. recurvata, but with no seasonal variation. 
Interestingly, higher concentrations of both elements were measured in 
roadside samples (123–162 µg g− 1 of V and 50–95 µg g− 1 of Ni, V/Ni =
1.9 ± 0.4), whereas lower concentrations were found in samples from 
parks (80–111 µg g− 1 of V and 30–35 µg g− 1 of Ni, V/N = 3.1 ± 0.2) . 
Result in roadside soil samples was consistent with the V/Ni ratio of 2.1 
obtained in aerosols from Cienfuegos associated to road traffic emissions 
(Morera-Gómez et al., 2018). In the same way, V and Ni in soils of Santa 
Clara were strongly correlated (R2 = 0.73, p < 0.05) in sites 1 and 3, 
with a V/Ni = 1.3 ± 0.3, but no significant correlation was observed in 
site 4 and 5 with a lower V/Ni ratio (0.19 ± 0.01). Finally, site 2 showed 
the most Ni-enriched samples as was observed in Tillandsia samples with 
no correlation. 
These results confirmed that V and Ni are strongly associated to the 
oil combustion and can be used to trace this type of sources. Moreover, 
the extremely higher concentrations of Ni in Santa Clara appear to be 
controlled by emissions from metallurgical industries, specially the 
household utensils factory. 
4. Conclusions 
This study provides the first report on the chemical composition of 
T. recurvata in Cuba and one of the most comprehensive reports, in terms 
of number of analyzed elements, in the Caribbean region. 
The chemical composition and its variability in both, T. recurvata and 
top soils, suggested the influence of distinct sources type and different 
levels of contamination in the urban environments of Cienfuegos and 
Santa Clara. Top soils presented a significant degree of contamination 
with Zn, V, Ba, Pb, Ni, Cr, Cu, Co and Hg, being Ni and Cr pollution 
especially important in Santa Clara. These and other elements such as 
Se, S, P, Cd, Mo and Ca where highly enriched in T. recurvata, indicating 
the impact of anthropogenic sources in the air quality of both urban 
areas. 
The main pollution sources were related to the anthropogenic ac-
tivities such as: road traffic, oil combustion and different types of in-
dustries. The spatial variability of certain pollutants and the V/Ni 
indices in both type of samples probed to be particularly useful to 
identify some of these urban pollution sources. Thus, emissions derived 
from combustion processes in Decentralized Power Stations (DPS) and 
biomass burning in coffee roasters plants were identified as common 
sources in both cities. In addition, tracers derived from metallurgical 
industry were identified in Santa Clara. The obtained results were 
similar in both indicators, showing a strong consistency between the 
degree of contamination and the enrichment observed for several ele-
ments in the studied areas. Thus, the content and spatial variability of 
pollutants in both, T. recurvata and the upper fraction of soils appear to 
be good indicators of changes resulting from the urban environmental 
pollution. 
The evidences presented here support, therefore, the implementation 
of environmental quality monitoring 
programs based on these indicators that can help decision makers in 
the design of efficient urban pollution mitigation plans. 
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Rosa, J., Sánchez de la Campa, A., Artíñano, B., Salvador, P., García Dos Santos, S., 
Fernández-Patier, R., Moreno-Grau, S., Negral, L., Minguillón, M.C., Monfort, E., 
Gil, J.I., Inza, A., Ortega, L.A., Santamaría, J.M., Zabalza, J., 2007. Source origin of 
trace elements in PM from regional background, urban and industrial sites of Spain. 
Atmos. Environ. 41 (34), 7219–7231. https://doi.org/10.1016/j. 
atmosenv.2007.05.022. 
Rudnick, R.L., Gao, S., 2014. Composition of the Continental Crust. In: Holland, H.D., 
Turekian, K.K. (Eds.), Treatise on Geochemistry (Second Edition). Elsevier, Oxford, 
pp. 1–51. https://doi.org/10.1016/B978-0-08-095975-7.00301-6. 
Sanchez-Chardi, A., 2016. Biomonitoring potential of five sympatric Tillandsia species 
for evaluating urban metal pollution (Cd, Hg and Pb). Atmos. Environ. 131, 
352–359. https://doi.org/10.1016/j.atmosenv.2016.02.013. 
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